from the skull, and allowed to sink in sucrose-formalin solution, and subsequently cut in 50 µm sections on a freezing microtome. Every fifth or tenth section was retained and stained with cresyl violet. Microscopic examination of the stained sections from the DLPFC animals confirmed complete lesions of the entire anterior posterior extent of the cortex in both banks and the fundus of the Principal sulcus (fig S8) with no damage outside of the intended region which extended 3mm dorsally and ventrally to the lip of the sulcus. Histology from the remaining two DLPFC animals is not provided as they are still alive; instead structural MRI scans ( fig. S8 ) provide verification that their lesions were also complete and as intended. The ACC lesions were also complete and within the intended boundaries apart from in one macaque, ACC3, whose lesion was slightly larger than intended in one hemisphere, and in another macaque, ACC4, where the lesion did not extend quite as far posteriorly as in the other three animals in order to avoid damaging ascending branches of the anterior cerebral artery ( fig. S9 ).
Apparatus
The task ( fig. S1 ) was performed in an automated test apparatus. The subject sat, unrestrained, in a wheeled transport cage fixed in position in front of a touch-sensitive screen on which the stimuli could be displayed. The animals could reach out between the horizontal or vertical bars (spaced approx. 45 mm apart) at the front of the transport cage to touch the screen. An automated pellet delivery system delivered banana flavoured reward pellets (190 mg supplied by Noyes Company Inc. and Neuroscience Inc.) into a food well (approx. 80 mm in diameter) positioned beneath and to one side of the screen, in response to correct choices made by the subject to the touch screen. Pellet delivery was accompanied by an audible click. A spring-loaded lunchbox (length 200 mm, width 100 mm, height 100 mm) was positioned beneath and to one side of the subject; this opened immediately with a loud crack on completion of the testing session, and contained the subject's daily diet of wet monkey chow, primate pellets, nuts, raisins, and a slice of apple, banana, and orange (water was provided in the home cage ad libitum). An infrared camera allowed the subject to be observed while it was engaged in the task. The entire apparatus was housed in an experimental cubicle that was dark apart from the background illumination from the touch screen. A computer, with a ms accuracy timer-card to record reaction times, controlled the experiment and data acquisition. Identical software controlled the tasks in both laboratories to ensure that the tasks were replicated exactly.
Behavioral training
The monkeys were trained pre-operatively to perform color matching and shape matching, until they could alternate between these two tasks in successive daily sessions and reach a high level of performance on either rule within a single session. The next pre-operative stage introduced rule changes within the daily training sessions. Post-operatively, animals were re-tested on a series of control tasks which confirmed that the basic sensory-motor abilities of all of the lesioned animals were unimpaired. Prior to commencing the task reported here (the experimental sessions were conducted on average 40 weeks after the time of the surgery indicating that the reported lesion effects were long-standing and not merely transient effects of surgery) the animals were also reexposed to a number of sessions containing only high conflict trials as well as sessions containing only low conflict trials. Subsequently, the animals commenced the current task which introduced the novel concept of intermixing high (H) and low (L) conflict conditions within the same daily session.
Our data was collected from 7 such consecutive daily sessions comprised of 300 trials each. The analyses focused on daily sessions with at least 8 blocks (a block starts from a rule change and ends at the next rule change). If a monkey did not have enough rule-shifts in a daily session, an additional session was run. In some daily sessions, the monkeys exhibited fatigue toward the end of the daily sessions so that their speed of target selection (STS) significantly decreased toward the end of daily sessions. We applied a three-way ANOVA (Early/late × Conflict (H/L) × Response direction (Left/Right/Bottom)) to STS in every daily session for each monkey. The Early/late factor had two levels of the first 100 trials and the last 100 trials of each session. Those sessions with a significant (p < 0.01) main effect of Early/late or its interaction with Conflict or overall interaction of Early/late and Conflict and Response direction were selected. A common observation was that in these daily sessions the STS in the last 100 trials was slower that that of the first 100 trials. In the selected daily sessions, the last 100 trials were omitted and the analyses were conducted only in the first 200 trials.
Stimuli
The version of the WCST used in this lesion study utilized 36 different samples comprising of all combinations of 6 distinct colors and 6 distinct shapes. All samples were available for use in both low-conflict and high-conflict trials and in each trial the actual sample used was selected at random (without replacement until the entire set had been used). In each trial the test items were also selected from the same set of 36 stimuli, and at random (with the restrictions imposed by the necessity to generate either a low or high conflict trial). The locations of the three test items (i.e. to the left/right/bottom of the sample) were also chosen at random. The six colors utilized to generate samples and test items were selected so as to be maximally discriminable from each other and were: red, yellow, green, cyan, blue, and magenta. The six shapes were also selected so as to be easily discriminable from each other and were: square, triangle, circle, hexagon, cross and ellipse. The stimuli were presented on a black background upon a touch-screen monitor placed within arms reach of the animal. The size of the stimuli was 5-6 cm on the screen. The center-to-center distance between the test items and sample was 15 cm on the screen.
Task
The main details of the WCST for the lesion study are depicted in figure S1 . In high conflict trials (H) one test item matched in color but not shape and another test item matched in shape but not color, the third did not match in either color or shape. In low conflict trials (L) one test item matched in both color and shape and the other two test items matched neither in shape nor color. In both H and L trials the relative positions of the three test items were randomized from trial to trial between the three available positions. The selection of L or H trial was done according to a pseudorandom sequence that equated the numbers of each type. If the monkey did not respond to a test item within 3000 ms then all of the stimuli disappeared and an inter-trial interval of 10 s commenced. If, however, the monkey touched the test item that correctly matched the sample (i.e. in H trials according to the currently reinforced/relevant rule) then the test item and the sample both remained on the screen for 500 ms (other test items were removed) and the animals received a reward pellet, after which a 4 s intertrial interval was commenced. Alternatively, if the monkey touched the non-matching test item or the test item that matched the sample according to the currently non-reinforced rule then all test items and the sample were removed and the animals received an error signal (large white annulus) and a 10 s intertrial interval was immediately commenced.
4
The probability that a correct response to a sample was followed by the presentation of the same sample in the next trial is a matter of concern in studies of conflict (S1). It was very low in our study because samples were selected without replacement: all stimuli in the set (36 samples) had to be exhausted before the next set starts. Thus, only at the start of a new set, there was a possibility (0.03) for the repetition of the same sample shown in the previous trial. Overall probability of the repetition was 0.0008 per trial.
In the WCST analog used for lesion study, the sample and target remained on the screen for 500 ms after the monkey's target selection. We tested the possibility that this event affected the monkey's behavior, by removing the event from the trial. All monkeys performed well, with no detectable performance change, when only the target remained on the screen after the monkey's correct selection. We kept this event in the testing sessions, because the monkeys had been trained with trials that included the event.
Calculation and normalization of speed of target selection (STS)
We measured the time from the onset of the test-items to the monkey's first touch on the screen as the response time (RT) and took its reciprocal (1/RT) to obtain the speed of target selection (STS) in individual trials. We then averaged the STS separately for each conflict condition (either L/H or LH/HH) and response direction (left/right/bottom) in each daily session of each monkey. Finally, we normalized the average STS in each conflict condition by dividing it by its mean between the two conflict conditions. We, thus, obtained a pair of STS values (either L/H or LH/HH) for each response direction, in each daily session of each monkey. These values were used when the STS was compared between two conflict conditions by a two-way ANOVA (Monkey × Conflict). To compare the effects of conflict between the control and the lesion groups, differences between the two conflict conditions were calculated in each monkey after the values were averaged across directions and sessions within each conflict condition and then a one-tailed t-test compared the differences. Thus, each monkey provided multiple (direction × session) data points to the three-way ANOVA and fig. 1A and one data point to the t-test and fig. 1B.
Recording study

Behavioral task
The structure, criteria, and parameters of the WCST analog used for the electrophysiology study ( fig. S2 ) were similar to those used for the lesion study, with some modifications to facilitate single-cell recordings and interpretation of neuronal activities.
Ten sample stimuli were used in the recording study. Nine of them were created by combining three colors (red, green and blue) with three shapes (square, circle and cross). The tenth sample stimulus was a yellow hexagon. A sample was randomly selected from the 10 stimuli without replacement (all 10 stimuli were used before starting another cycle). Three of the stimuli appeared as test items with a fixed arrangement (a red square on the left, a green circle on the right, and a blue cross at the bottom) in both color and shape blocks. When a yellow hexagon was presented as the sample, the blue cross was replaced with a yellow cross and the green circle with a green hexagon in the arrangement of test items. Thus, seven samples were shown under the high-conflict condition and the other three samples under the low-conflict condition. Under either the color or shape matching rule, response to each direction was required by one sample in the low-conflict condition and by two or three samples under the high-conflict condition ( fig. S4) . Each of the sample and test items subtended 5-7º of visual angle in size. The center-to-center distance between the test items and sample was 16º (left and right) or 14º (bottom).
The monkeys were trained to use only one hand at each time to touch the items on the monitor. The monkeys had to keep their gaze fixed on the fixation point during the fixation and sample presentation periods. We kept the fixation point at the center of the sample. The size of fixation window was 4º (± 2º from the fixation point center), which was smaller than any sample (5~7º). Fixation-break trials were not included in the calculation of shift criterion. Eye position was monitored by an infrared system (http://staff.aist.go.jp/k.matsuda/eye/).
The possibility that a correct response to a sample was followed by the presentation of the same sample in the next trial was very low, because samples were selected without replacement: all stimuli in the set (10 samples) had to be exhausted before the next set starts. Only at the start of a new set, there was a possibility (0.1) for the repetition of the same sample shown in the previous trial. Overall probability of the repetition was 0.01 per trial.
Recordings
Recordings started after each monkey had been trained for about 18 months. The recording area covered both dorsal and ventral banks of the principal sulcus. Its ventrodorsal extent was limited to within 5 mm from the center of the sulcus along the cortical surface. The most posterior recordings were about 3 mm anterior to the posterior end of the principal sulcus. The recording area was determined in reference to magnetic resonance images. For the recording study we used CORTEX software (from NIMH; http://www.cortex.salk.edu) to control the experiment and data acquisition. Signals from a single cell were isolated on-line using a template matching system (MSD, Alpha Omega Engineering, Israel). The cells that changed their activity during the time course of a trial were preferentially recorded. We did not observe any difference in the characteristics of cells between regions dorsal and ventral to the principal sulcus or between the posterior and anterior parts of the recorded area. Therefore, results were reported for all of the recorded cells.
Data analyses
To study the effect of current level of conflict on cellular activity, we focused our analyses on the neuronal activity in the sample and decision periods, because only after the appearance of the sample could the monkey know whether a trial would be of the low-conflict or high-conflict condition. We did not analyze activities in later parts of the trial because these activities could have been affected by the feedback provided by the task. The activity was compared between low-conflict and high-conflict trials by a two-way ANOVA (Conflict × Rule). The mean firing rate during either sample or decision period in each trial was a data point.
To study the effect of the conflict level experienced in the previous trial, we first used the activity during the fixation period (600 ms starting 100 ms after the fixation point onset), in which the monkey fixated the eye on the fixation point but could not know the conflict level in the next trial. The activity was compared between LH and HH trials by a two way ANOVA (Previous-conflict × Rule).
In the selection of cells with significant activity modulation by ANOVA, if the main effect of a factor or interaction of factors were considered, we adjusted the acceptance level from 6 0.05 to 0.025. In comparison of the activity modulation between LH and HH trials, we only used the data derived from correct trials that were preceded by correct trials
Supplementary Data
Activity modulation by currently experienced conflict When we applied a two-way ANOVA (Conflict × Rule) to the activity in correct trials of 146 recorded cells, a significant number of DLPFC cells (22 cells in the sample period, Binomial tests: P < 10 -5 , 30 cells in the decision period, P < 10 -10 ) showed significant activity difference between low-conflict and high-conflict trials. Out of the 22 and 30 cells, 3 and 7 cells, respectively showed both a significant main effect for Conflict and Rule factors in the two-way ANOVA (Conflict X Rule).
We also examined the dependence of neuronal activity on the conflict level by using a sample-based approach. In the recording study, three and seven samples were presented in lowconflict and high-conflict conditions, respectively. There were 7 combinations of samples presented in low-conflict and high-conflict conditions that required responses in the same direction in color rule, and 7 other combinations in shape rule ( fig. S4 ). For 27 cells (19% of 146 cells) the mean activity in the decision period differed in a consistent direction between lowconflict and high-conflict conditions in at least 11 out of 14 comparisons. The risk of a false positive, that this consistent difference appears only from stimulus selectivity without real dependence on the conflict level, is 0.022 (Binominal test). The number of cells (27 cells in the decision period) showing the consistent difference in at least 11 out of 14 comparisons significantly differed from the number of cells expected to be obtained by chance (P < 10 -10 , Binomial test). Also, in 12 out of 146 cells, the mean activity in the sample period differed in a consistent direction between low-conflict and high-conflict conditions in at least 11 out of 14 comparisons. This number of cells significantly (P < 10 -4 , Binomial test) differed from the number of cells expected by chance. This result confirmed that the activity difference between high-conflict and low-conflict trials was not due to selectivity for physical features of the sample stimuli.
Effects of differences in certainty about reward on cellular activities
Because the percentage of correct responses in low-conflict trials was higher than those in highconflict trials (S2-S3), the monkeys received rewards more frequently in low-conflict trials. Therefore, the monkeys were likely more certain about the upcoming reward in low-conflict trials. It has been reported that differences in the monkey's certainty about the availability of the upcoming reward can modulate the prefrontal cell activity (S4). The difference in certainty about reward availability between low-conflict and high-conflict trials could have caused the activity difference between low-conflict and high-conflict trials observed in our study.
The percentage of correct responses in high-conflict trials was also significantly different between the early and late parts of the block (S3). The percentage was lower after the rule change in early part of the block. Thus, it is expected that the monkeys were less certain about upcoming reward in the early part of the block. On the other hand, the percentage of correct responses in low-conflict trials was consistently high throughout the block. If the certainty level was the main factor modulating the prefrontal cell activity and leading to the observed activity difference between low-conflict and high-conflict conditions, then the difference in certainty level between the early and late parts of the block should have also modulated the neuronal activity.
To examine this possibility, we first applied a two-way ANOVA (Early/late × Conflict (low/high)) to activities in low-conflict and high-conflict trials within the first 20 and last 20 trials of individual blocks. Out of the 30 cells that showed a significant difference between lowconflict and high-conflict trials in the decision period, none showed a significant interaction between the two factors. Although the numbers of trials included in this test were smaller than the number used in the ANOVA to examine effects of conflict level, 17 of the 30 cells showed significant main effects of Conflict. Therefore, the absence of a significant interaction cannot be attributed to the paucity of trials and the resulting reduced sensitivity of the test. When the ANOVA was applied to activities in the sample period, out of 22 cells with significant difference between low-conflict and high-conflict trials, none showed significant interaction between the Early/late and Conflict factors while 9 cells still showed significant main effects of Conflict. These results indicated that the difference in neuronal activity between low-conflict and highconflict trials was similar between the early and late parts of the block.
We also examined this possibility in cell populations. We calculated an index for each cell, (FR L -FR H )/(FR L + FR H ), where FR L and FR H represent the firing rates in low-conflict and highconflict trials, respectively. Across the cell population, the index in the first 20 trials was highly correlated with that in the last 20 trials (r = 0.57, P = 0.006 for the sample period, and r = 0.64, P = 0.0002 for the decision period) and there were no significant difference in the magnitude of the index between the first and last 20 trials (sample period: t(21) = 0.63, P = 0.54, paired t-test; decision period: t(29) = -0.15, P = 0.89). For the latter analysis with paired t-test, to avoid canceling out of differences between cells with higher activity in low-conflict trials and those with higher activity in high-conflict trials, we used (FR P -FR NP ) instead of (FR L -FR H ), where FR P and FR NP represent the firing rates in preferred and non-preferred conflict conditions, respectively. The preferred conflict condition of each cell was the conflict condition in which the cell had a higher activity. The preferred and non-preferred conflict conditions were determined based on the mean activity in the early and late trials. These results indicated that in our study the activity differences between low-conflict and high-conflict trials were consistent between the early and late parts of blocks, which in turn suggests that the variation in certainty did not cause the observed modulation of cellular activity.
History of experienced conflict did not modulate the activities in Sample and Decision periods
We applied a two-way ANOVA (Previous conflict (LH/HH) × Rule) separately to the activities in the decision and sample periods. The number of cells showing a significant effect of Previous conflict or its interaction with Rule factor in the sample and/or decision periods was not greater than that expected by chance (P > 0.05, Binomial test).
Overlap between cell groups
Out of the 15 cells in which the activity in fixation period was modulated by the conflict experienced in the previous trial, 4 and 3 cells also showed activity modulation by the currently experienced conflict in the sample and decision periods, respectively. This indicates that only a small percentage of cells showed activity modulation by both the currently and previously experienced conflict levels.
Absence of behavioral modulation in low-conflict trials
Modulation of reaction time in low-conflict trials by conflict experienced in the previous trial has been reported in some human studies, although they were weaker than the modulations in highconflict trials (S5, S6) . We did not observe a consistent pattern of modulations in low-conflict trials while monkeys performed the WCST analog. A two-way ANOVA (Monkey × Previous conflict (low-conflict trial after low-conflict trial/low-conflict trial after high-conflict trial)) separately applied to STS, showed that there was no significant main effect of Previous conflict in either the control (F(1, 114) = 0.7; P = 0.4), ACC (F(1, 71) = 2.6; P = 0.1) or DLPFC group (F(1, 71) = 0.9; P = 0.4). The performance was very high in low-conflict trials. It may be the case that the behavioral measures were already close to the ceiling, making it difficult to detect the conflict-induced modulation in low-conflict trials.
Supplementary Discussion
Cause of the behavioral modulation
Our results showed that in the WCST analog used in this study the level of conflict between behavior-guiding rules in the current trial and that experienced in the previous trial influenced the monkeys' action execution. These modulations were commonly seen in all the three response directions, suggesting that the modulation was independent from the action direction. The modulation by the current conflict level could not be attributed to different feedback in the previous trial, because the two types of trials were randomly intermingled. The behavioral modulation by the previously experienced conflict did not reflect the feedback in the previous trial, either, because the observation was limited to correct trials that were preceded by correct trials. The behavioral modulations could not result from the repeated exposure to the same sample (S1), because the probability of sample repetition in consecutive trials was very low in our paradigms. Our further analyses also confirmed that the behavioral modulations and the lesion effects were not resulting from the response repetition (unpublished data). We have also observed such conflict-induced behavioral adjustments in humans performing a similar computerized WCST analog which were given to the monkeys (unpublished data). These indicate that in the WCST analog, a conflict arises between the behavioral rules which influences the subjects' current and upcoming behavior.
Mechanisms of behavioral modulation based on the conflict level in the current trial
We found that the current level of conflict modulated the monkeys' speed of target selection, as much in the ACC and DLPFC groups as in the control group. The lesion of ACC or DLPFC did not reduce the modulation of behavior based on the current conflict level. Therefore, the effect of currently experienced conflict must be mediated by other brain structures.
Mechanisms of behavioral modulation based on the conflict level in the previous trial
Previous studies (S7, S8) have shown activation of ACC in various conflict tasks and proposed that the ACC detects the conflict and conveys the information to the DLPFC, which subsequently enhances the cognitive control to reduce the conflict. The neuropsychological literature on the effects of ACC damage is inconsistent. Some studies have reported impairment in conflictinduced behavioral modulations in patients with lesions in ACC (S9, S10). However, in other studies the neuropsychological examination of patients with brain lesions that included ACC have indicated that their behavioral modulations by the experienced conflict were not different in direction or magnitude from those in normal human subjects (S11, S12) . This inconsistency might be attributed to the heterogeneous nature of lesions in human patients. However, our results showed that the modulation of monkey's behavior by the currently and previously experienced conflict was not impaired after anatomically circumscribed lesions within ACC.
The mismatch between the results of lesion studies and activity recording studies in ACC might be related to the functional diversity of different medial prefrontal cortex subregions. In our current study, the lesioned area within ACC covered area 24C and 24C' and spared the cingulate gyrus ventrally and also spared more dorsal regions such as pre-supplementary motor area (S13). It is possible that the activity recorded in imaging or event-related potential studies in conflict tasks originated from more dorsal parts of medial frontal cortex, sparing the anterior cingulate sulcus (S13). An alternative interpretation is that ACC might be involved in conflict detection and ensuing behavioral modulations, but its role is non-essential and other structures such as DLPFC can support conflict detection and resulting behavioral adjustments. Our results supported this notion by showing that the lesion of DLPFC impaired the conflict-induced behavioral adjustments.
Species differences also need to be taken into account. While some groups have not been able to find conflict-related activity modulation in monkeys' ACC (S14, S15), modulations of neuronal activity has been reported in single cell recording from humans' ACC (S16). We found that the conflict-induced modulations in monkeys' behavior were very similar to the behavioral adjustments observed in humans when they face conflict. Our behavioral tests also confirmed that the monkeys implemented a rule-based strategy to perform the WCST analog (S2, S3) . However, some cautions need to be taken in generalizing the results of our study to the human case. The strategy that the monkeys take to deal with the conflict might be different from that of humans, although the behavioral manifestations might appear the same. Long-term training required for monkey studies might also influence the functional organization of the neural network that support conflict detection/resolution processes.
The percentage of correct trials in HH trials was significantly higher than that of LH trials in each of the control, DLPFC and ACC groups, whereas there was no significant difference in the magnitude of the HH-LH difference between the control and lesion groups ( fig. S7 ). It was previously reported that the percentage of correct responses was not different between patients with brain damage and control subjects in other conflict tasks, although a significant difference in response latency could still be detected between the patients and control group suggesting that the response latency was a more sensitive behavioral measure (S17). Therefore, we focused on measuring response time (RT) and provided a relatively long response window (3000 ms) for monkeys. This response window allowed us to measure the exact RT and avoid many time out trials (trials in which the monkey fail to respond within the response window). Therefore, we could exactly register the RT even in our lesion groups in which the RT in correct trials was lengthened. We expect that, in a shorter response window, a lengthened RT due to lesion effects would lead to a decrease in the percentage of correct trials because the monkey would miss some trials (or would be forced to respond before the decision process gets completed).
Modulation of cellular activity based on the conflict level in the current trial
In order to ascribe the activity differences between low-conflict and high-conflict trials to the conflict level difference, we have to rule out other possibilities that might have led to the appearance of these activity differences: (1) The activity differences were not related to the sample identity because they were seen regardless of the sample that appeared in low-conflict and high-conflict conditions. (2) The activity differences were independent from the relevant rule because the differences appeared irrespective of the relevant rule. (3) The activity differences did not originate from the certainty level difference between low-conflict and high-conflict conditions, because activities in the group of cells were not influenced by the supposed changes in monkeys' certainty about reward from the early to late parts of the block. (4) The activity differences did not result from a novelty/surprise effect that could change the monkeys' alertness/arousal (S18) because the monkeys were familiar with all the samples and encountered the low-conflict condition in about 30% of the total trials. The observation of roughly equal numbers of cells that showed higher activity in low-conflict and high-conflict conditions further supports this notion.
Although the DLPFC cells might have represented the current conflict level, the behavioral modulation by the current conflict level was not impaired after DLPFC lesion. These suggest that DLPFC might be involved in detection of the conflict or might receive information about the current conflict level from other structures, but that it might not necessarily mediate the behavioral effect of currently experienced conflict.
Modulation of cellular activity based on the conflict experienced in the previous trial
The activity modulations in the fixation period by the conflict level experienced in preceding trial were not related to the success/error or the type of feedback in the preceding trial, because we only used correct trials that were preceded by correct trials in the analyses. These modulations could not be attributed to a lingering effect remaining from the preceding trial. If this were the case, we then would expect a large overlap between those cells that showed activity difference between the L and H trials and those cells that showed activity difference between LH and HH trials. However, there was actually only a small overlap, as described above (the section of Supplemental Data entitled "Overlap between cell groups"), which makes the lingering explanation implausible.
The modulations in the fixation period could not be attributed to sensory-motor events in the current or preceding trial because of the following reasons. First, the monkeys were pressing the bar and fixating their eyes in the fixation period, and therefore the activity modulation was unlikely related to the monkeys' movement. Secondly, the monkeys could not have a response preparation/plan in this period because the sample had not yet been shown. Thirdly, the fixation period started after the end of start-cue period ( fig. S2 ) that was about 2600 ms after all stimuli had been turned off in the preceding trial, therefore the activity differences in the fixation period unlikely reflected the stimuli and their offset in the preceding trial.
We did not find modulations of DLPFC cell activities in the sample and decision periods depending on the previously experienced conflict level. The absence of activity modulation in these periods, when the monkeys actually decide and select the target, suggests that the neuronal substrates of the behavioral adjustments based on the previously experienced conflict level resides in some other regions than DLPFC.
Can conflict-induced increase in attention/task difficulty explain the conflict-induced behavioral and activity modulation?
It is difficult to identify the content of the information that is reflected by the activity difference between LH and HH and is maintained during the inter-trial interval. However, this differential activity cannot result from changes in general arousal/attention level (S18) because the time course of such arousal changes is longer and because we had found some cells with higher activity in LH trials and some other cells with higher activity in HH trials. The differential activity could not represent attention in action, i.e. attention to a particular sensory dimension or object, because in the inter-trial period the sample had not been shown yet. If the attention level was different between the second trials of LH and HH pairings and it was modulating the DLPFC cell activity, then we should have been able to see the activity modulation after sample onset. However, the number of DLPFC cells showing significant activity difference between the second trial of LH and HH pairings during Sample and Decision periods (when the monkey actually decide and select the target) was not different from that we would expect to find by chance.
The differential activity observed in the intertrial period might represent a signal for a heightened attention level in the upcoming trial. The conflict hypothesis itself associates conflict to attention by assuming that the experience of conflict recruits more control/attention in the next trial. Therefore, the information passed across trials can be either the conflict experienced in the previous trial or the plan/signal to recruit more control/attention in the upcoming trial.
The augmented difficulty in H trials as compared with L trials in WCST analog was not at a sensory or at a motor level: the task requirements for sensory detection or motor response were the same between low-and high-conflict trials. The presence of conflict added a cognitive difficulty to resolve the competition/conflict between the behavioral options. The task was more difficult in H trials only because of the presence of conflict. Therefore, in the WCST analog, as in most of the conflict tasks, the conflict-induced cognitive difficulty cannot be dissociated from the presence of conflict.
Working memory of experienced conflict level
The involvement of DLPFC in working memory of task-relevant information, such as spatial position and object identity, has been reported previously (S19, S20) . Recent studies have suggested that the content of the working memory can extend to more abstract concepts, such as behavioral rule and numbers (S2, S3, S21) . Here we suggest that the level of recently experienced conflict is another type of task-relevant information that can be encoded and maintained in DLPFC cell activity. Models of conflict detection/resolution need to incorporate a memory system that bridges the time between the processes of conflict detection and the control adjustment in the upcoming trials. Our results suggest that DLPFC neurocircuitry might play such mnemonic function. figure 3 ) in the sample period showed a significant (P < 0.0001) main effect of Rule and a significant main effect of Conflict (P < 0.0001), but no interaction (P = 0.4) in the two-way ANOVA (Conflict x Rule).
(B) The activity of this second cell in the decision period showed a significant main effect of Conflict (P < 0.001) but no main effect of Rule (P = 0.88) or interaction (P = 0.14). Figure 6 . Activities of cell population maintained the level of conflict experienced in the previous trial during the inter-trial interval. (A) The activities of individual cells were aligned at the sample onset, normalized by the mean activity of individual cells, averaged across cells, and smoothed by averaging three consecutive bins. Because the activity of some cells (11/15 cells) was higher in LH trials while the activity of other cells (4/15 cells) was higher in HH trials, the averaging across cells was made for preferred (the trial-type (HH or LH) in which the cells showed higher activity) and non-preferred trial types. The preferred trial-type of each cell was determined based on the mean activity in the fixation period. The activity difference between LH and HH trials was seen not only in the fixation period but also in the inter-trial interval (ITI) period before the onset of fixation point. This suggests that the information of conflict experienced in the previous trial was maintained by the population of DLPFC cells across trials. The bin width is 55 ms. The cell population was comprised of the 15 cells in which the activity in fixation period was significantly different between LH and HH trials. (B) To examine whether the maintenance of activity modulation in ITI period was due to a correlation of activity in the fixation and ITI periods, we randomly divided the trials to two groups with the same sizes as those of HH and LH trials, keeping the ratio of real LH to HH trials within each group identical, and determined the preferred trial-type of each cell based on the mean activity in the fixation period. The procedure was performed 100 times and the mean and 95% confidence interval (marked by dashed lines) were calculated. If the activity modulation in the ITI was simply resulting from the correlation of activity between the fixation and ITI periods, there should have been a significant activity difference in the ITI period even in the randomly divided trials. However, if the activity modulation in the ITI period was related to the conflict experienced in the previous trial, there should have been no activity difference in the ITI period in the randomly divided trials. We found no activity modulation in the ITI period in the randomly divided trials, confirming that the activity modulation in the ITI was related to the level of conflict experienced in the previous trial.
